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Abstract
The aims of this study were to determine the ability of amplified fragment length polymorphism (AFLP) to
differentiate Salmonella isolates from different units of swine production and to demonstrate the relatedness
of Salmonella between farms and abattoirs by AFLP. Twenty-four farms in the midwestern United States were
visited four times from 2006 to 2009. At each farm or abattoir visit, 30 fecal samples or 30 mesenteric lymph
nodes were collected, respectively. A total of 220 Salmonella isolates were obtained, serotyped, and genotyped
by multilocus sequence typing (MLST) and AFLP. These 220 isolates clustered into 21 serotypes, 18 MLST
types, and 14 predominant AFLP clusters based on a genetic similarity threshold level of 60%. To assess
genetic differentiation between farms, harvest cohorts, and pigs, analysis of molecular variance was conducted
using AFLP data. The results showed 65.62% of overall genetic variation was attributed to variance among
pigs, 27.21% to farms, and 7.17% to harvest cohorts. Variance components at the farm (P = 0.003) and pig (P
= 0.001) levels were significant, but not at the harvest cohort level (P = 0.079). A second analysis, a
permutation test using AFLP data, indicated that on-farm and at-abattoir Salmonella from pigs of the same
farms were more related than from different farms. Therefore, among the three subtyping methods,
serotyping, MLST, and AFLP, AFLP was the method that was able to differentiate among Salmonella isolates
from different farms and link contamination at the abattoir to the farm of origin.
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The aims of this study were to determine the ability of amplified fragment length polymorphism (AFLP) to
differentiate Salmonella isolates from different units of swine production and to demonstrate the relatedness of
Salmonella between farms and abattoirs by AFLP. Twenty-four farms in the midwestern United States were
visited four times from 2006 to 2009. At each farm or abattoir visit, 30 fecal samples or 30 mesenteric lymph
nodes were collected, respectively. A total of 220 Salmonella isolates were obtained, serotyped, and genotyped
by multilocus sequence typing (MLST) and AFLP. These 220 isolates clustered into 21 serotypes, 18 MLST
types, and 14 predominant AFLP clusters based on a genetic similarity threshold level of 60%. To assess genetic
differentiation between farms, harvest cohorts, and pigs, analysis of molecular variance was conducted using
AFLP data. The results showed 65.62% of overall genetic variation was attributed to variance among pigs,
27.21% to farms, and 7.17% to harvest cohorts. Variance components at the farm (P  0.003) and pig (P 
0.001) levels were significant, but not at the harvest cohort level (P  0.079). A second analysis, a permutation
test using AFLP data, indicated that on-farm and at-abattoir Salmonella from pigs of the same farms were more
related than from different farms. Therefore, among the three subtyping methods, serotyping, MLST, and
AFLP, AFLP was the method that was able to differentiate among Salmonella isolates from different farms and
link contamination at the abattoir to the farm of origin.
It has been estimated that approximately 1% of Salmonella
infections in humans are caused by the consumption of con-
taminated pork or processed foods derived from pork in the
United States (13). Salmonella contamination of pork can be
related to preharvest infection and postharvest cross-contam-
ination (1, 4). A recent quantitative risk assessment model
aided by meta-analysis suggested that Salmonella-infected pigs
entering the abattoir imparted a source of contamination dur-
ing processing that explained 75% to 80% of the total contam-
ination associated with carcasses (2). These proportions were
estimated by construction of a linear regression model between
the proportion of Salmonella carrier pigs entering the harvest
lines and the proportion of contaminated eviscerated carcasses
based on bootstrap simulation. Data used in this study were
extracted from primary research studies that used Salmonella
spp. as the outcome, reported as presence or absence. There-
fore, the link between the epidemiological unit of swine pro-
duction, i.e., the pigs entering the harvest chain and the pig
carcasses, was established based on the regression association
rather than evidence of clonal organisms on the carcasses
traced from the pigs entering the abattoir. Such an approach to
attribution is associated with a high level of uncertainty. How-
ever, the approach cannot currently be avoided, because the
applied research in pork food safety has focused on the pres-
ence or absence of Salmonella spp. or serotyping, tools which
do not allow effective attribution.
Although great progress has been made in recent years to
understand the ecology of Salmonella in pork, accelerating our
understanding of the influence of Salmonella contamination at
the preharvest stage on public health will require the use of
molecular methods that have a clear link to an epidemiological
unit of concern. To purposefully design and conduct risk fac-
tor, intervention, or attribution studies for Salmonella in pork,
it will be necessary to understand the variation in molecular
subtyping methods within the swine production structure, i.e.,
the epidemiological unit the method is able to differentiate.
Such information would inform the unit of differentiation
(farm, harvest cohort, pig) at which interventions and risk
factors can be assessed using the subtyping methods.
Currently, the most commonly used methods for subtyping
Salmonella are serotyping and pulsed-field gel electrophoresis
(PFGE). However, these methods have limitations. For exam-
ple, although serotyping is commonly used for many studies,
the method is not useful for estimating risk factors for, or
attribution to, levels of swine production because the epidemi-
* Corresponding author. Mailing address: Department of Veteri-
nary Diagnostic and Production Animal Medicine, College of Veteri-
nary Medicine, Iowa State University, Ames, IA 50011. Phone: (515)
294-5012. Fax: (515) 294-1072. E-mail: bingwang@iastate.edu.
† Supplemental material for this article may be found at http://aem
.asm.org/.
 Published ahead of print on 23 September 2011.
8080
 o
n
 Septem
ber 24, 2015 by IO
W
A STATE UNIVERSITY
http://aem
.asm
.org/
D
ow
nloaded from
 
ological unit of differentiation (i.e., the serotype) is not related
to any production level. For example, the farm-derived and
carcass-derived Salmonella with the same serotype may be
observed in different production systems, such as the predom-
inant serotype Derby on swine farms (9, 10). Therefore, the
categorization of Salmonella isolates based on serotypes is un-
able to represent a unique farm or harvest cohort origin. PFGE
is a molecular method able to identify clones to an individual
outbreak level. For example, isolates from the same food-
borne outbreak are more likely to have the same PFGE pat-
tern than isolates across food-borne outbreaks. However,
PFGE is an expensive, low-throughput, labor- and time-inten-
sive method that requires specialized training. Consequently,
few large production-level studies have employed it.
An alternative method of molecular subtyping is amplified
fragment length polymorphism (AFLP), a PCR-based, high-
throughput, relatively inexpensive method. Its use has been
reported in studies of Salmonella in swine (11, 12). However,
despite the use of AFLP in studies of Salmonella in swine, it is
unclear what association the method has with epidemiological
units of concern in swine production and how the method
should or can be used to further our understanding of the
epidemiology of Salmonella in pork.
Given this current gap in knowledge, the aims of this study
were to determine the ability of AFLP to differentiate Salmo-
nella isolates from different units of swine production and to
demonstrate the relatedness of Salmonella between farms and
abattoirs by using AFLP.
MATERIALS AND METHODS
Study population. This study was a post hoc analysis using Salmonella isolates
collected for a project with different purposes, for which the epidemiological unit
of concern was known. Details of the project have been published elsewhere (23).
Briefly, 27 farms located in the midwestern United States agreed to participate
during the study period of September 2006 to February 2009.
For each farm, 1 to 3 days before harvest, approximately 10 g of fresh feces was
collected from the rectum of 30 pigs by digital extraction. The pigs were conve-
niently chosen from those pigs identified as ready for harvest, i.e., the harvest
cohort. The study pigs were tattooed with a unique code that enabled tracking
and identification of the individual carcass at the abattoir.
At the abattoir, the harvest cohort was held in a lairage pen until harvest that
same day. At the abattoir, intestinal viscera could be identified on the harvest
cohort level. As the intestinal viscera from the harvest cohort moved along the
production belt, 30 mesenteric lymph nodes were conveniently collected into
individual bags. The mesenteric lymph nodes were held on ice and transported
to the laboratory, where they were refrigerated until processing the next day. It
was anticipated that fecal and mesenteric lymph node samples would be collected
from four harvest cohorts of pigs for each farm (23). The visits for 4 cohorts
within each farm were scheduled at least 1 month apart.
Salmonella isolation and identification. Mesenteric lymph nodes were surface
sterilized by flaming, macerated in sterile bags combined with 25 ml phosphate-
buffered saline, and homogenized using a stomacher for 1 min. Ten grams of
feces or 10-ml aliquots from lymph node homogenates were added to 90 ml of
tetrathionate broth (Tet) supplemented with iodine immediately before use and
incubated (24 h at 37°C); an additional 10 g feces or 10-ml aliquot from lymph
node homogenates was added to 90 ml buffered peptone water (BPW) broth
supplemented with novobiocin and incubated (24 h at 42°C). One hundred
microliters each of Tet and BPW broth preenrichment culture was inoculated
into 9 ml of Rappaport-Vassiliadis R 10 (RV 10) broth and incubated (24 h at
42°C). Following incubation, the RV 10 broth samples were streaked for isola-
tion on both xylose-lysine-tergitol 4 agar and brilliant green agar. After 24 h of
growth at 37°C, one colony per plate exhibiting morphology typical of Salmonella
was inoculated onto a triple sugar iron slant and lysine iron slant and incubated
(24 h at 37°C). Isolates with characteristic Salmonella reactions on the triple
sugar iron slants (alkaline slant, acid butt, and gas with H2S) and lysine iron
slants (alkaline with H2S) were verified by Salmonella O antiserum poly(A-I) and
Vi slide agglutination assay.
Subtyping methods. Three methods of subtyping were used for comparison,
i.e., serotyping, MLST, and AFLP.
Serotyping. All putative Salmonella isolates were submitted to the National
Veterinary Services Laboratories for serotyping (USDA NVSL, Ames, IA). A
sample was classified as Salmonella positive if its serotype was determined.
MLST. A single colony was inoculated in 1 ml sterile Luria-Bertani broth (LB
broth; BD Diagnostic System Inc., Sparks, MD) in a 1.5-ml microcentrifuge tube
and then incubated with shaking overnight at 37°C. The culture was centrifuged
at 10,000  g for 2 min, and the supernatant was removed. The pellet was
resuspended in 200 l sterile double-distilled H2O, boiled at 100°C in a heating
block (Eppendorf AG, Hamburg, Germany) for 10 min, and then centrifuged at
10,000  g for 2 min. The supernatant containing the extracted DNA was
aspirated and stored in a sterile microcentrifuge tube at 20°C. MLST of the
seven housekeeping genes (aroC, dnaN, hemD, hisD, purE, sucA, and thrA) for
Salmonella enterica was performed using amplification and sequencing primers
according to the MLST scheme found at http://mlst.ucc.ie/mlst/dbs/Senterica
/documents/primersEnterica_html. The housekeeping genes were amplified by
PCR using the Taq PCR master mix kit (Qiagen Inc., Valencia, CA), and the
products were run on a 1% agarose gel to confirm the presence of the correct size
of amplicon. Amplification conditions for the seven genes were 95°C for 2 min,
followed by 30 amplification cycles (95°C for 1 min, 55°C for 1 min, and 72°C for
2 min) and then a final extension at 72°C for 5 min. PCR products were purified
using a QIAquick PCR purification kit following the manufacturer’s instructions
(Qiagen Inc., Valencia, CA). Purified PCR products were sent to the DNA
Facility at Iowa State University for sequencing using the DNA Facility’s Applied
Biosystems (Foster City, CA) 3730  1 DNA analyzer. Sequencing was carried
out in both directions using the sequencing primers described above. Sequences
obtained were imported into the Lasergene SeqMan program (DNAStar, Inc.,
Madison, WI) for alignment and trimming of the forward and reverse sequences
against the control allele sequences obtained from the MLST website. The allelic
profiles were obtained by interrogation of the sequences against the MLST
database to generate sequence types (STs) (accessible at http://mlst.ucc.ie/mlst
/dbs/Senterica).
AFLP. The AFLP fingerprinting was conducted using the AFLP-based micro-
bial genome-mapping kits (EcoRI microbial AFLP ligation/amplification module
and MseI microbial AFLP ligation/amplification module; Life Technologies Cor-
poration, Carlsbad, CA) following the manufacturer’s protocol with some mod-
ifications. Briefly, genomic DNA extractions (prepared as for MLST above) were
adjusted to a concentration of 50 ng l1 in 10 l water. One hundred nano-
grams of genomic DNA (2 l) was digested with the restriction enzymes EcoRI
(5 units) and MseI (1 unit), along with 3 l of 2 restriction buffer 4 (New
England BioLabs Inc., Ipswich, MA), 0.5 l of 1.0-mg ml1 bovine serum albu-
min (BSA) at 37°C in a thermal cycler with a heated cover for 2 h, followed by
incubation at 70°C for 15 min. Adaptor oligosequences for EcoRI and MseI from
the commercial kit were ligated to the restriction fragments by using 0.08 l T4
DNA ligase (New England BioLabs Inc., Ipswich, MA), with 1 l of 10 T4
DNA ligase buffer, 0.13 l of 1.0-mg ml1 BSA, and 0.29 l of water at 25°C
overnight in a thermal cycler with a heated cover. Diluted DNA fragments (4 l)
prepared by restriction and ligation were then initially amplified using EcoRI and
MseI core sequence (0.5 l each) complementary to the EcoRI and MseI end,
with 15 l AFLP amplification core mix (Life Technologies Corporation, Carls-
bad, CA). The conditions for preselective amplification were 72°C for 2 min,
followed by 20 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 2 min. The
amplified products were diluted in 0.1 M Tris-EDTA buffer at a 1:19 (vol/vol)
ratio and underwent a selective amplification using a carboxyfluorescein (FAM)
dye-labeled EcoRI primer (1 M; 0.5 l) with an additional adenine base at the
3 end (EcoRIA), MseI-selective primer (5 M; 0.5 l) with an additional
cytosine base at the 3 end (MseIC), and 7.5 l AFLP amplification core mix.
The conditions for selective amplification were 94°C for 2 min; 94°C for 20 s,
66°C for 30 s, and decreasing at 1°C/cycle for 11 cycles to 56°C, then 72°C for 2
min; 19 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 2 min; and finally 60°C
for 30 min.
The FAM-labeled PCR products were sent to the DNA Facility at Iowa State
University for genotyping analysis. The amplified fragments were separated by
capillary electrophoresis using an 3730 DNA analyzer (Applied Biosystems,
Foster City, CA). Hi-Di formamide (10.25 l) and DNA size standard Map-
Marker 1000 (0.25 l; BioVentures, Inc., Murfreesboro, TN) were mixed with 1.5
l of final amplification mixture. A fragment amplification method with dena-
turation at 96°C for 120 s, injection for 5 s at 2.0 kV, and separation at 15.0 kV
for 1,600 s was used. Amplified bands located between 50-bp and 1,000-bp
fragment lengths were scored and analyzed using GeneMapper version 4.0 soft-
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ware (Applied Biosystems, Foster City, CA). Peaks were sized with the Map-
Marker 1000 size standard using the size-calling of the local Southern method.
The sum of signal in the range of 50 to 1,000 bp for all samples within the same
run was used to perform the signal normalization. The sized peaks were labeled
as 1 if the peak amplitude was greater than 100; otherwise they were labeled as
0. The output of genotypes from the GeneMapper software was imported into
the BioNumerics version 5.1 software package (Applied Maths, Inc., Austin, TX)
for cluster analysis.
The reproducibility of the AFLP protocol was analyzed. One Salmonella strain
that was confirmed by culture and serotyping was randomly selected. The AFLP
protocol was independently conducted 8 times for this strain, each time starting
from the same DNA template extracted as previously described. The resulting
AFLP fingerprints of the 8 replicates were then compared using the BioNumerics
software. The similarity of the 8 fingerprints of the selected strain ranged from
92.5 to 97.3%, indicating a high level of reproducibility of the AFLP protocol
employed here. Based on this result, isolates sharing genetic similarity higher
than 92.5% were considered the same AFLP fingerprint.
Statistical analysis. (i) Descriptive analysis. For fecal and mesenteric lymph
node samples, the percentage of positive farms or harvest cohorts was calculated
with a 95% confidence interval (CI), where the positive farms or harvest cohorts
were defined as having at least one Salmonella-positive sample. The median
prevalence and range of the within-farm and within-harvest cohort samples were
determined.
Further descriptive analyses included comparison of the isolate-level discrim-
inatory abilities of serotyping, MLST, and AFLP using Simpson’s index of di-
versity (DI) with a 95% CI (17). Simpson’s index of diversity calculated the
probability that two unrelated strains sampled from the test population would be
placed into different cluster types. Higher values of DI indicated greater discrim-
ination. This study also reported the resolution value for each method, i.e., the
number of isolates divided by the type frequency.
To describe the agreement between MLST STs and serotypes, a frequency
distribution was carried out to compare matches. Typing system concordance
between MLST and serotyping was assessed by the adjusted Rand index (16)
using EpiCompare software version 1.0 (Ridom GmbH, Wu¨rzburg, Germany).
For this analysis, all possible pairs of isolates were determined by cross-classify-
ing on the basis of matched and mismatched MLST STs and serotypes, and the
resulting output was the percentage concordance.
AFLP patterns were used to generate an unweighted pair group method with
arithmetic (UPGMA) clustering tree using the Dice similarity coefficient
(BioNumerics version 5.1; Applied Maths, Inc., Austin, TX). An arbitrary thresh-
old breakpoint of genetic similarity of 60% was chosen to cluster isolates into
distinct AFLP clonal types. This cutoff was selected based on its plausibility using
various criteria, particularly phenotypic characteristics (6); therefore, the cutoff
was determined by observing the highest concordance shared between AFLP and
serotyping/MLST based on the adjusted Rand index. The agreement levels of
predominant AFLP clusters with MLST and serotypes were then presented by
frequency matrices.
(ii) Evaluation of the epidemiological unit of differentiation: analysis of mo-
lecular variance. Analysis of molecular variance (AMOVA) was utilized to
reflect the molecular variation at multilevel epidemiological units of concern, i.e.,
farms, harvest cohorts, and pigs (7). From the AMOVA, the variance compo-
nents of farm, harvest cohort, and pig level were calculated. Total variance was
estimated as the sum of variance components at all levels. The ratio of variance
component of farm, harvest cohort, and pig to the total variance was interpreted
as the percentage of the total variance that could be attributed to the among-
farms difference, the among-harvest cohorts within farms difference, and the
among-pigs within harvest cohorts difference. AMOVA was conducted based on
the molecular typing method employed with the highest discriminatory ability in
this study. The null hypothesis that variance components of all levels were equal
to zero was tested using a permutation test with 1,000 iterations. AMOVA and
tests for the significance of variance components were conducted for both farm
fecal and mesenteric lymph node samples. Data analysis was performed using
commands in package ade4 of R (version 2.9.2). We used maximum likelihood
estimates of variances to prevent negative variance component estimates by
fixing the initially generated negative variance components at zero (21). If the
variance component of the harvest cohort did not test significantly different from
zero, the inference was that within the same farm, isolates from harvest cohorts
were not significantly different from each other in genotypic diversity. Alterna-
tively, if the molecular method was able to differentiate among farms, the farm
was considered the epidemiological unit of differentiation.
(iii) Epidemiological relatedness between isolates from farms and abattoirs:
permutation test. A permutation test was used to assess the ability of the AFLP
method to associate Salmonella contamination at the abattoir to Salmonella
infection on farm (R version 2.9.2). The genetic distance between farm fecal
isolates (on-farm isolates) and mesenteric lymph node isolates (at-abattoir iso-
lates) from the level of the epidemiological unit was calculated as the test
statistic. The results of the aforementioned AMOVA were used to determine the
epidemiological unit used for this permutation test.
The null hypothesis was that the average genetic distances between the on-
farm and at-abattoir isolates from matched epidemiological units were the same
as from unmatched epidemiological units. The genetic distance of any two
isolates was defined as the Euclidean distance between their genotypic patterns
based on the highest discriminatory method in this study. For matched epide-
miological units, the average genetic distance was calculated by summing the
genetic distances of all the possible pairs in that unit and then dividing by the
number of pairs. The test statistic was the summation of the average genetic
distances of isolates from all the epidemiological units. The observed test statistic
was calculated using the genetic distances that were from each matched epide-
miological unit. The isolates were randomly permutated, and the random test
statistic was calculated for each permutation following the same formula as the
observed test statistic. The significance of the permutation test was evaluated by
comparing the observed test statistic to the distribution of 1,000 random test
statistics. Statistical significance was considered at the P  0.05 level. For exam-
ple, a one-sided P value less than 0.05 on the left tail could indicate a significantly
strong genetic relationship between the on-farm and at-abattoir isolates from the
same farms or harvest cohorts of pigs.
RESULTS
Study population descriptive analysis. Of 27 farms that
agreed to participate in the study, 3 subsequently declined, as
they were unable to provide pigs at the time required. Twenty-
four farms with 50 harvest cohorts (1 to 4 cohorts per farm)
were visited to collect samples. Within farms, the visits of
adjacent cohorts were 2.5 months apart on average, ranging
from 1 to 8 months. The final data set included fecal samples
from 21 farms and mesenteric lymph nodes from 16 farms.
Results from fecal samples were missing because poor weather
in winter restricted abattoir visits, or the finishing pigs were
shipped to the abattoir at a time when Iowa State University
staff were unable to make the visit, or due to processing errors
that resulted in lost identification. The missing collection of
mesenteric lymph nodes occurred due to the original study
design, in which we did not propose to collect mesenteric
lymph nodes from all cohorts, or due to poor weather.
The overall prevalence of Salmonella was 3.4% (n  1,490;
95% CI, 2.6 to 4.5%) in farm feces and 20.1% (n  839; 95%
CI, 17.4 to 22.9%) in mesenteric lymph nodes. One or more
Salmonella-positive isolates from feces were identified from
pigs on 15 of 21 farms (71.4%; 95% CI, 49.8 to 86.1%) and 20
of 50 harvest cohorts (40%; 95% CI, 27.4 to 53.9%). Salmo-
nella-positive isolates were isolated from one or more mesen-
teric lymph nodes on 12 of 16 farms (75%; 95% CI, 50.1 to
91.5%) and 21 of 28 harvest cohorts (75%; 95% CI, 56.7 to
88.4%). The median prevalence and range of the within-farm
and within-cohort positive pig prevalence are shown in Table 1.
A total of 220 Salmonella isolates (51 from farm feces, 169
from mesenteric lymph nodes) were identified. Twenty-one
different serotypes and 18 MLST STs were detected among
220 Salmonella isolates. ST684 was newly identified from 2
isolates of S. enterica serovar Uganda and 4 isolates of S.
Uganda var. 15 and was added to the MLST database. A
clustering tree generated from AFLP patterns is shown in Fig.
S1 in the supplemental material along with the serotypes and
MLST STs for each isolate.
Agreement between MLST sequence types and serotypes. A
total of 220 Salmonella isolates were included in this analysis.
8082 WANG ET AL. APPL. ENVIRON. MICROBIOL.
 o
n
 Septem
ber 24, 2015 by IO
W
A STATE UNIVERSITY
http://aem
.asm
.org/
D
ow
nloaded from
 
Most isolates with the same serotype had the same MLST type,
except where a single isolate accounted for an additional ST.
For example, 66 isolates were serotyped as S. Typhimurium
(Copenhagen), and all were assigned to ST13, while only 1
isolate was serotyped as S. Enteritidis, which was also the only
isolate assigned to ST11. However, there were some excep-
tions. Sixty-one Salmonella Derby isolates were assigned to two
different STs (17 isolates to ST13 and 44 isolates to ST40).
Fifty-four isolates serotyped as S. Agona (37; 68.5%) and S.
Derby (17; 31.5%) were both assigned to ST13 (Fig. 1). The
remaining frequencies are shown in Fig. 1. The MLST ap-
proach shared 72.2% concordance with serotyping based on
the adjusted Rand’s index.
Agreement of AFLP with serotypes and MLST sequence
types. A total of 207 isolates clustered into 14 distinct AFLP
clonal types at an arbitrary threshold breakpoint of a 60%
genetic similarity index, at which AFLP shared the highest
concordance of 36.9% with serotyping and MLST based on an
adjusted Rand index. Thirteen isolates did not cluster with any
groups and were considered to be sporadic genotypes. The
frequency matrices presenting the agreement of AFLP types
with serotypes and MLST types are shown in Fig. 1.
Comparison of isolate-level discriminatory ability. A total
of 220 Salmonella isolates were used in this analysis. Consid-
ering each pattern as a distinct subtype, AFLP had the highest
DI, 1, followed by serotyping, with a DI of 0.80, and MLST,
with a DI of 0.77 (Table 2). On average, 10.47 isolates clus-
tered in a single serotype, a similar resolution to MLST (12.22
isolates per MLST ST). Because it demonstrated the highest
resolution for differentiating Salmonella isolates from swine
origin, only genotypic results of AFLP were selected for the
epidemiological unit of differentiation and epidemiological re-
latedness analyses.
Epidemiological unit of differentiation: AMOVA. Fifty-one
isolates from farm feces were used for the on-farm epidemio-
logical unit of differentiation analysis. For the farm fecal sam-
ples, the percentage of the among-pigs within-harvest cohorts
variance component was 65.62%, followed by among-farm
(27.21%) and among-harvest cohorts within farms (7.17%).
The variance components of among farms and among pigs
within harvest cohorts were significantly different from zero
(P  0.003 for among farms; P  0.001 for among pigs among
harvest cohorts) (Table 3).
A total 169 isolates from mesenteric lymph nodes were used
for the at-abattoir epidemiological unit of differentiation anal-
ysis. For the mesenteric lymph node samples, most of the
AFLP type diversity was found among pigs within harvest co-
horts (75.19%), followed by data among harvest cohorts within
farms (24.81%) and among farms (0%); the variance compo-
nents of among harvest cohorts within farms and among pigs
within harvest cohorts were statistically significant (for both,
P  0.001) (Table 3).
The AMOVA of on-farm and at-abattoir isolates inferred (i)
pigs and carcasses from a specific farm carried Salmonella
isolates with substantial genotypic variation; (ii) the genotypic
distribution of the Salmonella population in live pigs on a
specific farm did not change significantly across harvest cohorts
of pigs from the same farm; (iii) AFLP could differentiate the
on-farm Salmonella isolates originating from the different farms.
Epidemiological relatedness between isolates from farms
and abattoirs: permutation test. AMOVA (above) indicated
that AFLP could differentiate Salmonella isolates across farms;
therefore, the epidemiological unit of differentiation of AFLP
was the farm. The permutation procedure was used to detect
the relatedness of on-farm and at-abattoir isolates from the
same farms. A total of 108 isolates (18 from farm feces and 90
from mesenteric lymph nodes) from the matched farms were
used in this analysis (Table 4).
The permutation test results showed P was 0.036 on the left
tail (Fig. 2), that is, a 3.6% or lower probability that the sum of
the average genetic distance of each farm was less than the
observed average genetic distance for matched farms. The
shorter the genetic distance, the stronger the genetic relation-
ship. Therefore, the AFLP subtyping method was capable of
demonstrating significant epidemiological relatedness between
Salmonella isolates of pigs and carcasses from the same farms.
DISCUSSION
The aims of this study were to determine the ability of AFLP
to differentiate Salmonella isolates from different units of
swine production and to demonstrate the relatedness of Sal-
monella between farms and abattoirs by AFLP. Many methods
have been developed to differentiate isolates of a particular
bacterial species, and many publications have catalogued the
ability of these methods to differentiate these organisms. How-
ever, molecular epidemiology requires not just the ability to
differentiate but also the ability to associate “different isolates”
with meaningful epidemiological outcomes. Such knowledge is
critical to our understanding of the ecology of microorganisms
and the epidemiology of disease. An example of this idea is the
use of PFGE to identify food source contamination in salmo-
nellosis outbreaks. The ability of PFGE to identify pathogens
in contaminated food sources with those from human cases
within the same outbreak and to separate distinct outbreaks is
TABLE 1. Summary of Salmonella prevalence in farm feces and
mesenteric lymph nodes for both the
farm and harvest cohort levels
Prevalence
measure
No. positive/no. testeda or medianb for all samples from:
Farm fecesc Mesenteric lymph nodes
Positives,
farm level
15/21 (71.4; 49.8–86.1) 12/16 (75%, 50.1–91.5%)
Positives,
harvest
cohort level
20/50 (40; 27.4–53.9) 21/28 (75%, 56.7–88.4%)
Overall
positives,
pig level
51/1,490 (3.4; 2.6–4.5) 169/839 (20.1%, 17.4–22.9%)
Within-farm
positive
pigs
1.7 (0–38.3) 15.4 (0–70)
Within-cohort
positive
pigs
0 (0–43.3) 13.3 (0–86.7)
a Farm-, harvest cohort-, and pig-level data are reported as the number pos-
itive per total number tested (reported as a ratio, with the percentage and 95%
CI in parentheses).
b The within-farm and within-cohort percent positive prevalence rates are
reported as the median with the 95% CI in parentheses.
c Data were obtained from reference 23.
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the basis of the usefulness of this method. Interestingly, the
employment of PFGE in outbreak investigations is currently
being scrutinized. In the multistate Salmonella Enteritidis out-
break related to shell eggs in 2010, PFGE was not sufficiently
discriminatory for the outbreak because Salmonella isolates
that appeared to have no epidemiological link to the outbreak
had similar PFGE patterns (5). To determine the preharvest
source of Salmonella contamination and assess the impact of
FIG. 1. The frequency matrix of isolates typed by serotyping, MLST, and AFLP types. (A) Agreement between serotypes and MLST STs.
(B) Agreement between serotypes and AFLP types. (C) Agreement between MLST STs and AFLP types.
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interventions in the context of swine production, the applica-
tion of an inappropriate genotyping method could produce a
similar issue. Previous studies have shown that some methods
of differentiating Salmonella are unable to associate Salmo-
nella isolates with the epidemiological units of concern in swine
production (8). For example, serotyping and MLST were not
useful in attributing S. Typhimurium or a sequence type found
at the abattoir to a particular farm, because the serotype or
sequence type could be found in most of the farms (8). There-
fore, it is necessary to attribute Salmonella contamination at
the abattoir to the farm origin by adopting an appropriate
genotyping method that is able to associate the unit of differ-
entiation with the unit of production.
The AMOVA for isolates from farm feces used in this study
indicated that AFLP was able to differentiate Salmonella pop-
ulations originating from multiple swine farms. The ability to
differentiate between farms might make it possible to attribute
Salmonella contamination at the abattoir back to a particular
farm, therefore pinpointing such a farm(s) as a candidate(s)
for intervention programs to control preharvest Salmonella.
An important prerequisite of the food attribution model from
human salmonellosis to Salmonella-contaminated food origins
is that Salmonella isolates from different contaminated food
sources can be distinguished by the subtyping method (14).
Similarly, the assumption of the farm attribution model from
contaminated abattoirs to farm origins with Salmonella infec-
tion requires all farms to be distinguished. AFLP was demon-
strated by AMOVA in this study as a useful tool to distinguish
Salmonella isolates from different farms, which paves the way
for building a Salmonella abattoir-to-farm attribution model.
However, the AMOVA for isolates from mesenteric lymph
nodes indicated that AFLP was not able to distinguish Salmo-
nella populations at the abattoir that originated from pigs from
different swine farms. This observation is consistent with our
expectation and is likely explained by the commingling effect in
lairage pens. Among pigs at the end of the finishing period, 5
to 30% might still excrete Salmonella, and this percentage
might increase due to transport stress (3). Due to the cross-
contamination in lairage pens between pigs from different
farms, the Salmonella population in lairage pens potentially
represented a sampling of all farms for that day/week. In ad-
dition, after holding in lairage pens for 2 to 4 h, mesenteric
lymph nodes could have been transiently infected by the Sal-
monella strains (18). Therefore, although the pigs were from
different farms, the Salmonella isolates of mesenteric lymph
nodes from those pigs may represent the Salmonella popula-
tion in lairage pens, not their original farm. The commingling
effect likely masked the level of between-farm heterogeneity;
therefore, AFLP could not differentiate between mesenteric
lymph node isolates from different farms.
Our data suggested that the harvest cohort is not a signifi-
cant factor in explaining genetic variations. This is perhaps not
surprising, as pigs from the same farm have the same manage-
ment factors, such as diet, herd health status, and stocking
density. These farm-related factors are likely to be more
strongly associated with Salmonella than cohort-level experi-
ences, such as the season in which an animal is raised and
concurrent disease status of the cohort.
This study suggests that AFLP is able to differentiate isolates
TABLE 2. Comparison of abilities of serotyping, MLST, and AFLP
to discriminate between 220 Salmonella enterica isolates
Method Typefrequency DI (95% CI)
Resolution
valuea
Serotyping 21 0.80 (0.77–0.83) 10.47
MLST 18 0.77 (0.74–0.80) 12.22
AFLP 220b 1 1
a The resolution value was calculated by dividing the number of isolates by the
type frequency.
b Considering each pattern as a distinct subtype, each isolate had a different
AFLP type.
TABLE 3. AMOVA results of AFLP data for Salmonella enterica isolates categorized by farm and by harvest cohort of pigs
Sample source and analysis group Degrees offreedom Sum of squares
Variance
component
% of total
variance P value
a
Farm feces
Among farms 14 808.72 9.68 27.21 0.003
Among harvest cohorts within farms 5 156.62 2.55 7.17 0.079
Among pigs within harvest cohorts 33 770.21 23.34 65.62 0.001
Mesenteric lymph nodes
Among farms 11 988 0 0 0.82
Among harvest cohorts within farms 9 699.34 7.88 24.81 0.001
Among pigs within harvest cohorts 146 3,486.03 23.88 75.19 0.001
a P values are for testing the null hypothesis that variance components of different levels are equal to zero.
TABLE 4. Isolates from farm fecal samples and mesenteric lymph
node samples used to assess the epidemiological relatedness
between isolates from farms and abattoirs
Farm Harvest cohort
No. of isolates from sampling source:
Farm feces Mesenteric lymphnodes
A A-a 2 5
B B-a 1 16
B B-b 1 10
C C-a 1 3
D D-a 1 14
E E-a 1 21
F F-a 4 13
G G-a 1 1
H H-a 3 6
I I-a 3 1
Total 18 90
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of Salmonella at the pig level; i.e., AFLP identified 220 types
(based on a 100% similarity threshold level) among 220 Sal-
monella isolates. Compared to serotyping and MLST, the issue
is “too much” differentiation rather than too little. The
AMOVA partitioned the overall diversity of Salmonella iso-
lates into multiple epidemiological units of concern. The vari-
ance attributable to “among pigs within harvest cohorts” was
three times greater than “among farms.” Both the variance
“among pigs within harvest cohorts” and “among farms” was a
significant factor in explaining genetic diversity, while the vari-
ance “among harvest cohorts within farms” did not attain the
significance level of 0.05. Using AFLP as a differentiation
method, these results suggest that the genetic diversity of a
Salmonella population on a farm is relatively small across co-
horts harvested within a relatively short period, such as within
the time period of the present study. AFLP could potentially
be used to differentiate between farms, but there would be
substantial pig-level noise, and many pig-level samples would
be needed for a particular farm to account for between-pig
variation. Therefore, a large number of fecal samples would be
required to identify enough Salmonella isolates to capture the
genotypic distribution of the Salmonella population on a par-
ticular swine farm.
The permutation test for epidemiological relatedness indi-
cated that AFLP could be used to identify the flowthrough
contamination from farms to abattoirs. The contaminated car-
casses at the abattoir can be attributed to infected pigs (flow-
through contamination) as well as healthy but later cross-in-
fected pigs prior to harvest. Previous studies have documented
that transportation via trucks and holding in lairage pens were
major sources for Salmonella contamination after pigs leave
swine farms (19, 20). Therefore, Salmonella isolated at the
abattoir can arise partly from the original pigs on the farms but
also from other pigs from different cohorts or farms. Following
this theory, the observed test statistic should be in the middle
part of the permutation test statistic distribution, which sug-
gests no genetic relationship between the on-farm and at-
abattoir isolates originating from pigs of the same farm. How-
ever, the permutation test results indicated that Salmonella
isolates from farms and abattoirs originating from the same
farm were genetically correlated. The genetic relatedness im-
plies that the introduction of external source isolates from
truck or lairage transit infection was not sufficient to block the
genetic link from farms to abattoirs, which makes it possible to
trace the postharvest Salmonella contamination back to a par-
ticular farm by using AFLP.
MLST and serotyping methods were not capable of discrim-
inating between epidemiological units of concern. Compared
to serotyping and PFGE, MLST has the advantage of being
reproducible and easily exchanged between laboratories, but
MLST is not clearly associated with an epidemiological unit of
concern. Others have reported the use of MLST in Salmonella
from swine, for example, a total of 110 S. enterica isolates were
typed using the seven-gene MLST scheme (as used in this
study) and 43 STs were identified (22). However, the epidemi-
ological origins of the human and veterinary isolates were not
presented, and the level of epidemiological unit that MLST
could differentiate was not explored. For example, it was not
reported whether the MLST method could differentiate among
human and veterinary isolates from different outbreaks (22).
Similarly, Fakhr et al. (8) conducted MLST (4-gene scheme:
manB, pduF, glnA, and spaM) for the genetic discrimination of
85 S. Typhimurium isolates and found no genetic diversity
among the isolates tested, with 100% identity to the sequence
reported in GenBank for the S. Typhimurium LT 2 strain, and
obviously no link to an epidemiological unit was reported. The
limited discrimination of MLST between closely related iso-
lates may be due to a relatively small part of the genome being
used in an MLST investigation, as well as to a moderate-to-
slow mutation rate within the targeted housekeeping genes
(15).
In this study, one of our interests was the apportionment of
total variation to different sources. However, a negative esti-
mate of the variance component of the farm level was observed
from the R output of AMOVA when applied to the isolates
from mesenteric lymph nodes. One possible reason for the
negative variance component of the farm level might be that
the variability among cohorts was too large. The expected
variation among farms was calculated as the sum of the ex-
pected variation among cohorts and the product of the vari-
ance component of farm level and appropriate degrees of
freedom. Therefore, a negative variance component of farm
level could occur when the observed variation of “among har-
vest cohorts within farms” is greater than “among farms.” One
explanation for the greater “among harvest cohorts within
farms” variation when applied to the mesenteric lymph node
isolates is that Salmonella contamination of a harvest cohort at
the abattoir has influences from both farms and abattoir lai-
rage pens. As discussed previously, the lairage pens potentially
represent a sampling of all farms for that day/week. Salmonella
can be isolated from pig mesenteric lymph nodes 2 h after the
FIG. 2. Histogram of test statistic of average genetic distance be-
tween farm and abattoir samples, when the epidemiological unit of
differentiation of AFLP was the farm. The histogram is based on 1,000
permutations. The vertical line is the test statistic and is based on
observed data from truly matched farms. Of 1,000 simulated farm-level
test statistics, only 3.6% simulations reported a test statistic smaller
than the observed one.
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animals become exposed to a Salmonella-contaminated envi-
ronment (18). Therefore, Salmonella isolates from the pigs of
a harvest cohort at the abattoir can potentially originate from
different farms. In addition, the lack of enough numbers of
cohorts per farm might be the reason for the large variance
estimation for “among cohorts.” We conducted an ad hoc
solution to fix the variance component of farm level as zero.
The restriction was reasonable, because the P value (0.82)
showed the farm-level variance component was not signifi-
cantly different from zero.
In this study, the error of the AMOVA model was variance
between pigs. We identified one Salmonella isolate per pig,
which ignored the variation among isolates within pigs. It is
possible that different genotypes from multiple Salmonella iso-
lates occur in a single pig. However, because our aim was to
find a tool useful for Salmonella preharvest intervention and
such an intervention at the farm or harvest cohort level is more
relevant, it might not be necessary to be concerned about the
isolate-isolate variation below the pig level.
Overall, the findings of this study have important implica-
tions. First, AFLP could differentiate Salmonella isolates be-
tween the epidemiological unit farms, but not the harvest co-
horts within farms. Second, AFLP could link the abattoir
contamination to the farm origin. Finally, there is substantial
pig-to-pig genotypic variation. Although using AFLP to sub-
type Salmonella isolates on a swine farm might be able to
capture the genetic character of the Salmonella population on
that swine farm, practical application of AFLP for molecular
epidemiology in the market chain requires large sample sizes
per source farm.
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